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CHAPTER I

INTRODUCTION

CHAPTER I

INTRODUCTION

Solutions of many natural and synthetic polymers have been found
to reduce turbulent friction losses in flow through pipes.

The basic

mechanism causing these reductions is not entirely understood although
two general theories have been advanced.
One theory suggests that the long chain molecules interfere with
the turbulent eddies, suppressing them and thus reducing the amount of
energy dissipated by the flow (1, 2, 3).
The other theory suggests that the viscoelastic properties of the
drag reducing fluids cause some of the energy being fed into the eddies
to be conserved instead of being dissipated since it is hypothesized
that the long chain molecules can be elastically deformed (4, 5).

Purpose of Study
The purpose of this study was to investigate how solutions of a
common polymer transist from laminar to turbulent flow.

Any observed

differences in the transition process between these solutions and plain
water would aid in explaining the turbulent friction reducing
characteristics of these solutions.

Scope of Study
An apparatus was built which could recirculate the polymeric
solution through a 20 foot length of clear acrylic plastic pipe.
Aluminum powder was used to make the flow patterns visible so that

2

3
laminar or turbulent flow could be verified visually.

Runs were made

with tap water and various concentrations of polymer solution.

The

polymer used was guar gum, chosen because of its resistance to
mechanical degradation aid its ready availability.

Transition for

water and guar gum solutions was observed along with measurements of
the pressure drop across the test section for the various flow rates.

CHAPTER II

DESCRIPTION OF APPARATUS

CHAPTER II

DESCRIPTION OF APPARATUS

The apparatus was designed to provide four functions, namely
circulation of the sample fluid through the test section at any
selected flow rate, mixing of the guar gum and aluminum powder with
the fluid, measurement of the flow rate through the test section,
and measurement of the pressure drop across the test section.

Figure 1

is a schematic diagram of the apparatus showing the arrangement of the
component parts and the direction of flow.

Pump and Motor
The pump was a centrifugal type of unknown make and model.
(See Figure 2.)

Impellor diameter was 5 inches.

and discharge ports were 1^ inches in diameter.

Both the suction
The pump was

capable of providing 22.5 gpm through the test section at 1100 rpm.
This corresponds to a Reynolds Number of 58,000 for clear water at
70°F.
The motor was a General Electric D-C Dynamometer with a rated
capacity of 6 hp when used as a motor.

A General Electric controller

allowed motor speed to be varied from 1000 to

3500 rpm.

Valving and Flow Control
Two gate valves (See Figure 3.) allowed the flow from the pump
discharge to be divided in any ratio between the test section and the
return to the mixing drum.

The valve after the pump discharge
5

6

Figure 1 -“Schematic Diagram of Apparatus

7

Figure 2— Pump and Motor

Figure 3— Flow Control Valves and Mixing Drum
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controlled the pressure head across the test section while the valve
at the discharge end of the test section was used to make fine
adjustments on flow rates,,

A third valve allowed the test section to

be isolated from the pump so that the fluid could be kept in the test
section after the pump had been shut off.

This was used as a means

of preventing water marks from forming in the clear plastic pipe
during overnight periods and other times between runs when the pump
was shut off.
During the test runs the biggest part of the flow was directed
through the return and into the mixing drum.

This returning flow

kept the fluid in the barrel in constant agitation.

The aluminum

powder was added simply by pouring the washed powder into the mixing
drum.

The guar gum was also added directly to the mixing drum, but,

to avoid formation of lumps it was blown from a flask through a
plastic hose onto the water surface as a fine spray of dry powder.
A pressure reducing valve was used to reduce the feed pressure to the
flask from line pressure to 2 or 3 psi.

Test Section
The test section was a 21 foot length of clear cast acrylic
plastic pipe.

(See Figure 4„)

Inside diameter was 1.25 inches, and

the wall thickness was 0.25 inches.

Since the pipe was not available

as a single 21 foot length, the test section had to be constructed by
joining 5 separate sections of pipe, each about U feet 2 inches long.
The plastic flanges used in joining the sections were made two at a
time so the center holes would match when bolted together.

The ends

of the lengths of plastic pipe were squared up in a large lathe.

The

9

Figure 4 — View of Test Section

Figure 5— Manometer
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flanges were then glued to the pipe ends using a plastic repair com
pounds Plas-T-Pair, manufactured by Rawn Company, Inc.

Threads were

formed on the two ends connecting the test section to the rest of the
apparatus by smearing the ends with the liquid plastic repair compound*
A l£ inch coupling which had been coated with a thin layer of
petroleum jelly was then screwed lightly over the repair compound.
After 30 minutes the compound had hardened and the coupling could be
screwed off leaving the newly formed threads intact.

A rubber 0-ring

was used to get a water tight seal between the plastic pipe and the
metal pipe.

Flow Measurement
A venturi meter was installed in the test section circuit but
pressure differentials were so small for the lower flow rates that it
was very difficult to get good readings on the inclined oil-water
bi-fluid manometer used.
The apparatus was designed so that weigh tank measurements could
be made to determine flow rates.

The short pipe at the discharge end

of the test section was able to pivot over to the side of the mixing
tank so that all the fluid leaving the test section in a given time
period could be caught in a bucket and weighed.

Toledo scales.

Model 2081, were used for all weight measurements.

The resolution for

these scales is £ oz.

Pressure Drop Measurement
Pressure taps were placed in the test section walls 18 feet
2£ inches apart.

(See Figure 5«)

The upstream tap was only a few

diameters from the beginning of the test section, but, because of the
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turbulence created by the 90

elbow just upstream of the test section,

it was felt that the flow would become fully developed very rapidly.
Tests with plain water showed that the data for turbulent flow com
pared very favorably with Moody's curve for smooth pipes.

(See

Figure 6.)
The data for laminar flow was scattered equally above and below
the line defined by f —

64/ R e . The large amount of scatter was due to

very small deflections on the manometer for laminar flow in a test
section of such large cross-section.

The small deflections result

in a very high percentage of uncertainty for the calculation of the
friction factors in the laminar region.
calculated values of uncertainty.)

(See Appendix A for the

There was less scatter in the data

for laminar guar gum solution flows due to the higher flow rates and
the larger and more easily read deflections they result in.

No

corrections were made in the pressure drops measured to account for
the effects of developing flow because of the reason mentioned
earlier that the flow was assumed to be fully developed due to the
turbulence from the elbow.

Also, the purpose of the experiment was

to compare water with guar gum solutions which could be done whether
the data was corrected or not since the effect would be the same in
both cases.
The pressure taps were connected to a Meriam bi“fluid manometer
with \ inch plastic tubing.

The upper fluid was Meriam oil with a

specific gravity of ,827 and the lower fluid was water.
were taken in inches and tenths of inches.

Readings

The formula below was used

to convert the gauge reading to inches of water

- 2.APD/-PI/2 !-
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Reflection
on Tube --- *»

Figure 7--Laminar Flow

Reflection
on Tube ---

Figure 8— Turbulent Flow

H
Inches w a t e r s ( 8 water - 8 oil)
= ( .173)

(inches Gauge)

(Inches Gauge)

Flow Visualization
Very fine aluminum powder was added to the water and to the
guar gum solutions to make the flow patterns visible.

During laminar

flow the particles were distributed evenly through the flow as shown
in Figure 6, but, whenever a disturbance disrupted the orderly laminar
patterns, the particles would be swept along by the disturbance to
produce dark and light areas corresponding to the movements of the
fluid as shown in Figure 7,
This flow visualization system was very satisfactory, allowing
all flow patterns to be determined visually and also showing the flow
in depth across the tube.

During laminar flow the faster flow at the

core could be seen as well as the slower layers of fluid near the wall.
The one serious drawback of this flow visualization system was the
tendency of the aluminum powder to stick to the tube wall, especially
on the bottom of the tube.

This had two detrimental effects.

First,

the view of the flow patterns was obscured and second, the smoothness
of the tube wall was constantly changing as more and more particles
were deposited.

The effects changing wall roughness may have had on

the data are unknown, and no attempt was made to correct the data for
this problem.

Photographic Equipment
The pictures of the flow patterns and equipment used in this
paper were taken using a Graflex Speed Graphic Camera with a Polaroid
back for using Polaroid roll film.

The camera was equipped with a
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Graflex Optar f/4.7, 135 mm lens which had a limited depth of field for
the close range the pictures were taken at.

For this reason part of

the flow in the test section was always out of focus, causing slight
blurring in the pictures taken of the flow patterns.

CHAPTER III

TEST PROCEDURE

CHAPTER III

TEST PROCEDURE

Six different types of tests were made with the apparatus.

The

purpose of each test will be explained in the following descriptions
of the test procedures.

General Observations
The purpose of these tests was to learn how the apparatus would
behave and how to control the flow.

A secondary objective was to look

for any unusual phenomena which would warrant special investigation.
To start, the mixing drum was filled with 100,000 gm of clear
water.

The water temperature was measured using a mercury-in-glass

thermometer and recorded.
allowed to circulate.

The pump was started and the water was

One gram of aluminum powder was mixed with

methyl alcohol and allowed to stand for about 5 minutes.

After this

length of time, the aluminum powder would all be settled to the bottom
of the beaker and the oil which the aluminum picks up during manu
facture would be floating on top in a film, allowing it to be poured
off the top of the alcohol.

This washing procedure was repeated twice.

The washed aluminum along with some of the alcohol was poured into
the mixing drum.

Different flow rates were then tried, and the flow

patterns were observed.

No flow rate measurements or pressure drop

measurements were made.

These tests showed that the flow patterns were clearly shown*
17

18
It was learned that the more aluminum powder, the better the flow
patterns oould be seen and that black backgrounds were the best for
making the flow easiest to see.

The laminar, transition, and turbulent

flow regions could all be distinguished, and it was noted that the
turbulent slugs were so clearly defined in the transition region that
they could be timed between two points in the test section.

Pressure Drop Measurements
The mixing drum was filled with 100 kg of water.

The aluminum

powder was added as described above, and the water temperature was
noted and recorded.

With the flow control valves set for n

o

f

„

through the test section, the bi-fluid manometer was checked to see
if it would zero.

The lines from the pressure taps were checked for

air bubbles to make sure the pressure differentials measured would be
as nearly correct as possible.
Different flow rates were sent through the test section.

For

each valve setting the pressure drop across the test section was
measured and recorded.

The flow rate was also measured and a visual

observation of the flow patterns in the test section was made and
recorded.

This procedure was repeated until laminar, transition, and

fully developed turbulent flow had been observed.
After testing with clear water a carefully weighed amount of
guar gum powder would be added, and the tests would be repeated.

Test

runs were made for solutions of .02$, .035$, .04$, .05$, and .07$ guar
gum by weight.

Turbulent Slug Velocity Measurements
These tests were done at the same time as the pressure drop tests

19
A piece of tape was placed on the test section 10 feet from the end of
the plastic pipe, and a stop watch was used to measure the time for
the turbulent portion of the slugs to travel between these two points.
Flow rates and temperatures were measured as in the pressure
drop tests.

Turbulence Suppression Tests
The purpose of these tests was to observe how the flow would
transist from turbulent to laminar flow as guar gum was added.
A measured amount of clear tap water was used (100 kg) so that
concentrations of guar gum could be calculated.

The flow was set so

that it was fully turbulent* but just above the transition region.
Guar gum was then added in 10 gm amounts while the flow control valves
were left at the original settings.

The pressure drop and the flow

rate were checked after each addition of guar gum.

This procedure

was continued until the flow had gone from turbulent to laminar.

Photographic Tests
The purpose of these tests was to photograph the flow patterns
for laminar, transition, and turbulent flow.
Flow measurements were not made for each run, and no pressure
drop measurements were made.

Flow rates were adjusted to the desired

range by visual observation of the flow.

The amount of aluminum

powder was increased to 10 gm to improve the view of the flow patterns.
Photographs were taken of laminar and turbulent flow and of the
turbulent slugs in the transition region

20
Special Observations
There were two purposes for these tests.

The first was to

detect any roughness in the test section which would disturb the flow,
and the second was to observe the effects of sudden acceleration on
turbulence 0
To test for roughness, the flow was adjusted so that it was
well below the transition zone in the laminar region.

The valve on

the discharge end of the flow section would then be suddenly opened
so that the flow would jump well up into the turbulent region.

Any

roughness along the test section would then cause the flow to transist
immediately to turbulent flow at that point.
The test section originally had a few rough spots at the flanged
joints.

These were caused by hardened drops of the plastic repair

compound used to glue the flanges to the pipe.

After these were

removed, the flow would remain laminar after the valve was opened
until the turbulence caused by the disturbances at the test section
entry had traveled down the entire length of the test section.
It is known that accelerating a turbulent flow will sometimes
laminarize it.

It was suspected that this might be the cause of the

flow remaining laminar in the above tests, rather than a lack of
roughness or disturbance in the test section.

To test the effects

of acceleration, the flow was adjusted so that it was about half way
into the transition zone.

At this point, about half the flow in the

test section was laminar and half of it was turbulent slugs.

The

valve was again opened so that the flow would be well up in the
turbulent region.
None of the turbulent slugs were caused to transist back to

21
laminar flow by this procedure.

The period of acceleration was very

brief, lasting for about one second, and during this period none of
the turbulence increased.

After this period, however, the turbulent

slugs rapidly increased in turbulence until the whole tube was filled
with turbulence*

CHAPTER IV

DISCUSSION OF RESULTS

CHAPTER IV
DISCUSSION OF RESULTS
During laminar flow of Newtonian fluids in circular pipes,

the

fully developed velocity profile is parabolic, with no flow at the
tube walls and a maximum velocity twice the magnitude of the mean
velocity at the center of the pipe.

The streamlines of flow are all

parallel to each other and to the pipe wall.

This orderly flow

pattern results because the mechanism of momentum transport is by
molecular diffusion.

Furthermore, the pressure drop per given

length of pipe for fully developed laminar flow is proportional to
the flow rate.
As the flow rate increases, a point is reached where the
orderly flow pattern of laminar flow breaks down and the flow becomes
turbulent.

The turbulent mixing carries momentum in the transverse

direction so that the mechanism of momentum transport changes from
molecular diffusion to eddy mixing.

This change in the mechanism

of momentum transport causes the velocity profile to flatten out and
the pressure drop per length of pipe to become nearly proportional to
the square of the flow rate (6).

The increase in resistance to flow

is due to the turbulent mixing which dissipates all the energy fed
into the eddies as the eddies break down in size from large eddies
to smaller eddies and eventually to internal thermal energy.
The transition from laminar to turbulent flow occurs for a

23
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certain range of the Reynolds number, depending on the inlet conditions
and roughness conditions inside the pipe.
about 2000 up to about 2600.

This range extends from

While the flow is in the transition range,

it consists of regions of turbulence, called turbulent slugs, and
regions of laminar flow.

The amount of turbulence in the pipe varies

depending on how high the Reynolds number is aid how far along the
pipe the flow has traveled.

J. Rotta defined an index which he

called the intermittency factor (6) to describe what percentage of
the flow is turbulent.

An intermittency factor of 1.0 indicates

all the flow is turbulent, and a factor of 0.0 indicates none of the
flow is turbulent.

% t b o d <?£ Data Presentation
The traditional method of correlating pressure drop as a
function of flow rate data is by naans of the familiar friction factor
versus Reynolds number plot.

For non-Newtonian fluids which do not

exhibit a linear relation between the shearing stress and the rate of
shear, this type of correlation will not work, and some other means
has to be found.

Metzner and others (7, 8) modified the familiar

Reynolds number to correlate data for fluids which obey the power
law, <r- K ( - ^

.

(See Appendix B.)

However, there are several weaknesses in using their modified
Reynolds number for guar gum solutions.

The guar gum solutions are

said to be viscoelastic (2, 11) so the basic premise of having a
power law fluid (or "purely viscous" fluid as it is described in the
literature) is false.
The second weakness lies in being able to determine the
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rheological properties of the solutions so the modified Reynolds
number can be correctly interpreted,,

The curves from which the

power law constant (n) and the consistency index (K) are determined
are not straight lines for guar gum solutions.

Therefore, for any

chosen n and K, there will be areas in the flow and also certain flow
rates where these constants do not fit.
The third weaknesss which concerns this study only, also has
to do with the determination of the rheological properties.

Such

determinations were not included in the scope of the study at the
outset of the experimental work.

Therefore, insufficent data points

ware taken in the laminar regions of flow to provide a basis for a
sound evaluation of the power law constant and the consistency index
for the various concentrations of guar gum.
Because of these weaknesses, it was felt that simple pressure
drop versus flow rate curves would be the best way of presenting the
data.

They allow comparison of the guar gum solutions with the

behavior of plain water; they do not depend on any power law con
stants; and also they are more accurate.

In determining the friction

factor from the experimental data, any mistakes made in measuring the
flow rate will be squared.

This is not the case' fbr pressure drop

versus flow rate curves which require no calculations but are simply
a graphical presentation of the raw data.

All polymer solutions are subject to degradation; that is they
change their non-Newtonian behavior as the long chain molecules are
broken down.

Hie molecules can be broken down by rapid shearing.
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by bacteriological action, or by exposure to radiation.

Mechanical

degradation or scission of the molecules by mechanically induced
high shearing forces in the fluid is most likely to take place in
pumps, valves, and other areas where intense turbulence is found.
Guar gum was chosen for this study because it was reported in
the literature to have superior resistance to mechanical degradation

(2).
However, certain results from the experimental evidence suggest
that the guar gum solutions used did degrade rapidly.

Figure 9 shows

the flow rate at various times after guar gum had been added to the
flow.

The surges in flow and then the return to the old flow level

can be seen.

This effect was observed many times throughout the

experimental investigation.
A calculation was made to determine how often the guar gum
solution was being circulated through the pump.

It was found that a

volume equal to the volume of liquid in the test apparatus was being
circulated through the pump every 2.4- minutes.

Since the surges in

flow had a duration of about 2 to 3 minutes, it would appear that
most of the guar gum molecules were broken down on their initial pass
through the pump.

Friction Reductions at Higher Flow Rates
The surges in flow that occurred when guar gum was added were
also accompanied by increases in the pressure drop across the test
section.

This is a curious effect because it indicates that friction

was being reduced somewhere in the apparatus other than the test
section.

Figure 10 shows that Point 2 lies exactly on the curve for
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plain water.

In other words Point 2 could have been reached by-

speeding up the pump slightly or by opening the flow control valve
a little bite

If friction had been reduced in the test section, the

flow rate would increase without an increase in the pressure drop.
The only other places where a reduction in friction could have
affected the flow rate in the test section were the steel pipe
supplying the test section or the pump and its intake and discharge
pipes.

Since the pipe supplying the test section was approximately

the same diameter as the test section, the velocities in both pipes
would be about the same.

Therefore, it is probably safe to assume

that friction in the supply pipe would not be reduced any more than
the friction in the test section.

That leaves the pump as the place

where the friction reductions were occurring.

The flow rates in the

pump were much higher than in the test section (which received only a
fraction of the total pump delivery volume).
Two other reasons can be given for concluding that the friction
reduction occurred in the pump.

The first is the pressure drop

measurements of this study which tend to show friction reductions in
the test section at the higher flow rates.

The second is the evidence

in the data of other experimenters which also shows friction reductions
at higher flow rates (1, 9)o
At this point it is interesting to speculate why friction
reduction benefits occur at the higher flow rates.

From the obser

vations made of the flows in the test section it could be seen that
the scale of the turbulent eddies decreased as the flow rate increased.
(See Figures 11a and lib.)

Since friction reductions occurred at high

flow rates where the eddies could be seen to be very small and intense.
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Rigure 11a— High Flow Rate-Small Scale Turbulence

Figure 11b— Low

Flow Rate-Large Scale Turbulence
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it can be suggested that friction reduction was a function of eddy
size.

(See Appendix C e)
The importance of eddy size is further emphasized by the fact

that other researchers have noted a marked diameter effect using
various polymers for friction reduction0

Ripken and Pilch (9, 10)

found that certain polymers show friction reducing benefits in
capillary tubes at all turbulent flow rates but in a pipe with an
inside diameter of 1.4. inches, they only noted friction reduction
benefits for very high flow rates..

Wells (ll) also noted a diameter

effect in his experiments with guar gum.
It would appear, therefore, that friction reductions occur
whenever the eddy size is reduced, either by running the flow in a
small tube (diameter effect) or by increasing the flow rate in a
large tube (friction reductions at high flow rates effect).
There were evidences in the literature that the small eddies
are suppressed by friction reducing polymers.

Gupta, Metzner, and

Hartnett (l) showed this to be true in their work on turbulent heat
transfer characteristics of viscoelastic fluids.

Gadd (2) showed

both mathematically and by observations of turbulent jets of water
and polyox solutions that the smaller eddies are suppressed.
Johnson (3) measured the turbulent fluctuations in the boundary layer
of a flat plate using conical hot film sensors.

He found that eddies

with frequencies below 200 Hz (larger eddies) increased in spectral
density while those above 200 Hz (smaller eddies) decreased in
spectral density due to the injection of polyethylene oxide into the
boundary layer.
Returning again to Figure 10, it can be seen that Points 3 and
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4 lie on a curve to the right of the curve for plain water.

One

might conclude from this that at these higher concentrations of guar
gum, increases were occurring in the flow rate without increases in
the pressure drop.

Unfortunately, there was also a temperature change

to account forj (As the cool tap water used to fill the apparatus came
up to the room temperatures the temperature changed from 64.°F to
73®F„) so it is not known if the increased flow resulted from the
guar gum or from a decrease in viscosity due to the temperature
change.

If the fluid had been Newtonian, the curve could have been

corrected for a temperature change, but, since it was not* the proper
method of correcting for temperature changes was not known.

Other Effects of Guar Gum
As has been discussed, the initial effect of adding guar gum was
to cause a surge in flow rate to occur, which would disappear in a
short time.

Figures 12, 13, 14, 15, and 16 are the pressure drop

versus flow rate relationships for solutions which had been circu
lated longer than five minutes and therefore were degraded somewhat.
i
These figures show the effects that various concentrations of guar
gum had on transition, and on the pressure drop across the test section.

Effects ©n Pressure Drop
The effects on the pressure drop will be discussed first.
Figure 12 is the curve for plain water.
in the laminar region, shows an

The curve is straight

abrupt jump in the transition region,

and becomes parabolic in the turbulent region.

This curve is

reproduced on the other figures as a dashed line to give a comparison
with the behavior of the guar gum solutions.

PRESSURE PROP (itfCtfES 'DERECHOM ON MANOMETER)

33

0.Z

CH

OG

0,0

MASS FLOW RATE ( lbv« /S E C .)

FIGURE I I — PRESSURE DROP VEl^SUS FLOW RATE FOR WATER*

NO

PRESSURE PROP (INCHES

DEFLECTION]

ON M A N O M E T E R )

3A

0.2.

0.4-

0-G

MASS FLOW RATE
FIGURE

|3 “ -

PRESSURE

.02.

Vo

(ib ^ n /S E C )

DROP VERSUS

GUAR

SUM

NO

0.0

FLOW RATE.

SOLUTION)

FO R

PRESSURE

DROP

(ttiCHES

PSP-LECT/ON/ ON MANOMETER)

35

F IG U P E

1 4 - - PRESSURE DROP l/ERSUS
FLOW RA TE
, 0 3 5 Vo GOAR GUM
SOLUTION!

FOR

PRESSURE

DRO P

( INCHES

PER.ECT10N

OM

36

00

0.|

0.2.
MASS

0.3

0,4

as

FLOW RATE ( I b m / SEC )

P!GU*?E )B-- PRESSURE DROP VERSUS FU3^ RATE
.05 °7» GUAR
GUM
SO LU TIO N

FOR

PRESSURE

DROP

(\NCMHS

DEFLECTION

ON MANOMETER)

37

FIGURE 1 6 ----- PRESSURE
.O 7 % & U A K

DROP

VERSUS

GUM

FLOW RATE

S O L U T IO N

FOR

38
The nature of the flow, as was noted visually, is indicated by
the intermittency factor shown next to each data point.
Completely laminar ("$ =

0 o0) or completely turbulent flow

( * = 1.0) was very easy to determine visually.

However, because no

instrumentation was available for measuring quantitative values for
the intermittency factor, a certain amount of judgment had to be used
in assigning values.

These values, although not exact, do have a

qualitative value in helping to analyte the data because they show the
relative amounts of turbulence which existed.
Figures 13, 1-4, 15, and 16 show that the pressure drop across
the test section was greater for the various guar gum solutions than
it was for water at all but a few flow rates.

These flow rates are all

in the transition region where the extended region of laminar flow for
the guar gum solutions overlaps on the turbulent region for plain
water.
Two observations can be made about the pressure drop curves in
the laminar region.
First, the increase in slope of the curves indicates an increase
in the apparent viscosity.

This increase was roughly proportional to

the amount of guar gum added.
Second, the ,07% solution of guar gum shows a distinctly curving
line in the laminar region.

This is a strong indication that the

momentum transport mechanism had been altered from simple molecular
diffusion to some other process resembling more the eddy transport
of turbulent flow.

No eddies were visible in the flow, however, so the

long chain molecules can only be assumed to have increased the effects
of the various fluid layers on each other by some means other than
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turbulence.
In Figures 13 and 16, where measurements were made at higher flow
rates, the beginnings of friction reduction benefits can be seen.
This has been discussed previously and is in accordance with the
results of several other investigators.

The friction reductions at

high flow rates suggest that both fresh and degraded solutions were
capable of reducing friction.

Effects on Transition
The effects on the transition will be discussed in two parts?
the visual observations, and the pressure drop observations.
Visual Observations. - As plain water transisted from laminar to
turbulent flow, turbulent slugs would begin to appear in the test
section.

These slugs had a shape similar to that shown in Figure 17.

The active turbulence seemed to be at the rear of the slug, with
decaying eddies being drawn out into a pointed cone by the higher
velocity of the fluid in the center of the pipe.

Figure 18 shows

the nose of a slug entering from the right, and Figure 19 shows the
rear of a slug moving off to the left.

The slugs were found to move

with a velocity very near the mean velocity, V, down the tube.

In

the fully developed laminar regions of flow the velocity profile is
parabolic as shown in Figure 20a, where the mean velocity is one“half
of the maximum velocity.

This would indicate that all of the fluid

moving with a velocity greater than the average was overtaking the
turbulent slugs, and all the fluid moving with a velocity slower
than the mean velocity was being overtaken by the turbulence, as
shown in Figure 20a.

This could be readily seen in the t«st section

Figure 17— Full Scale Sketch of e Turbulent Slug

Figure 18— Nose of Slug

Flow

Figure 19— Rear of Slug

Flow

A1

Figure 2Ga— Relationship Between the Slug Velocity and the Laminar
Velocity Profile

Figure 20b=“Velocity Profile for Turbulent Flow
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as the fluid in the center of the tube could be seen to overtake the
turbulent spots.
The velocity profile in the turbulent slugs is flattened out
due to the eddy transport of momentum.

This is shown in Figure 20b.

J. Rotta (6) obtained velocity plots for transition flow with the aid
of a hot-wire anemometer at different radius distances in a pipe as a
function of time.

His measurements show that the velocity profile is

definitely changing from that shown in Figure 20a to that shown in
20b as a turbulent spot moves past a given point in a tube.
As the flow rate was increased, the number of slugs also
increased until at some point, the tube would be filled entirely with
turbulence.

Then as the flow rate was increased further the only

change in the flow pattern was the increase in activity of the
turbulence.
It was also shown by repeated tests that the turbulent slugs
originated at the entrance to the test section where the flow was
disturbed by the right angle turn at this point.

The only transitions

seen to take place in the test section always occurred where bubbles
were trapped against the tube wall.

Even when the tube was rapped,

transition could not be made to occur at any point except the entrance
to the test section.
Another interesting aspect of the turbulent slugs was that any
turbulent disturbance that moved faster than the mean velocity soon
died out and became laminar.

Many disturbances were observed to enter

the test section and then die out unless they grew in size large enough
to fill the entire tube.

Disturbances which did not extend out to the

tube walls moved faster than the mean velocity and were soon damped
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out suggesting that no energy was being fed into them,,
Addition of guar gum did not seem to alter the physical process
by which the flow translated from laminar to turbulent patterns.
Slugs would appear in increasing numbers until the tube was filled
with turbulence.

Slug shape or appearance was not altered by the

guar gum, but the slug velocities were effected in one case and also
the slugs appeared over a wider range of flow rates, indicating a
wider transition region.
The slug velocity peculiarities were noted for a .02$ solution
of guar gum set at a flow rate so that the test section was
approximately one-half filled with turbulent slugs.

For this con

dition some of the slugs were noted to have a velocity of .318 ft/see
and some had a velocity of .247 ft/sec.

The mean fluid velocity was

.318 ft/sec.
To make sure the reduced slug velocity was a result of the guar
gum, tests were made with plain water.

None of the turbulent slugs

observed in the water moved with a velocity that differed by more
than 9$ from the mean velocity.

For the .02$ guar gum solution the

variation in velocity was 22$ of the mean for the slower slugs.
No explanation is known for this phenomenon.

Three slugs were

timed at the faster velocity, and then three slugs were timed at the
lower velocity so the change may have been due to a chaige with time
in the solution properties, which in turn radically altered the
velocity profile.
Pressure Drop Evidences. - Figures 13, 14, 15, and 16 show that
the transition from laminar to turbulent flow was spread over a wider
range of flow rates and also that the pressure drop did not change as

abruptly during transition as it did for plain water
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The purpose of this study was to observe how solutions of guar
gum transisted from laminar to turbulent flow so that some insight
might be gathered concerning the friction reducing characteristics of
these solutions in turbulent flow.

Conclusions
The study was partially thwarted due to the rapid degradation
of the guar gum solutions, but certain conclusions can be drawn.
1.

No visual evidence of any difference between the transition

process for the test solutions and plain water could be seen, with
the exception that transition appeared to occur over a wider range of
flow rates for the guar gum solutions.
2.

The friction reducing benefits of the guar gum solutions

increased with increasing Reynolds number.
and degraded solutions.

This was true for both new

There seemed to be no friction reductions at

all for flows under certain minimum rates.
3.

The scale of the turbulent eddies was seen to be reduced as

the flow rate increased.

This was thought to be the reason for the

friction reductions at higher flow rates.
4.

The pressure drop versus flow rate curves indicate that the

momentum transport mechanism for both laminar and turbulent flow was
altered by the guar gum.

This was manifest both by the curved plots
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for laminar flow and by the more gradual change in pressure drop as
transition occurred<>
5.
guar gum.

The larger eddies are not visibly weakened by adding the
Certain observations from this study along with experi-__

mental results reported in the literature indicate that the small
eddies are weakened or suppressed by the guar gum.

Recommendations
lo

Since the friction reduction benefits increase at the higher

flow rates, tests should be run at higher flow rates than were covered
by this study to further investigate this effect,
2o

Instrumentation should be built or obtained for measuring

the scale of turbulence for various flows.

This would provide

added evidence to link the "diameter effect" to the "friction reduc=
tion at high flow rates effect."
3.

Further studies in the area of transition for friction

reducing fluids should include plans for thoroughly evaluating the
rheological properties of the fluids being tested.

Such an evaluation

would be invaluable in determining the exact degree of degradation
which had occurred for a given solution.
4.

All test runs should be run at the same temperature to avoid

the difficult problem of corrections for temperature changes in
Viscoelastic fluids.
5.

A longer test section would be beneficial in two ways.

First, it would provide a longer length in which to observe the
turbulent slugs and second, it would provide larger pressure
differentials at all flow rates.

This would reduce the large

A8
uncertainty in the pressure drop measurements of the lower flow rates

APPENDIX

APPENDIX A
ANALYSIS OF EXPERIMENTAL UNCERTAINTY
The tables below show the quantities measured during the runs
for plain water, along with the estimated uncertainty in the measure
ments o

The data for Points 3> 6, and 9, Figure 6, were selected for

analysis to demonstrate how the uncertainty for the plotted values
of the friction factor varied with increasing flow rateso
The viscosity and density were taken from tables in Holman (12)
where they are given as a function of temperature.

Since the

uncertainty in the temperature measurement w a s ± 1 . 0 F, the estimated
uncertainties for viscosity and density are based on the change in
these quantities for a 1°F change in temperature.

ZoinlLj

Quantity
AP
W
t
D
L

Magnitude
0.15
2.5
30
1.25
18.17
62.26
2.345

in
Ibm
sec
in
ft
1W r V
lbjj/ft-hr

Uncertainty
ir
lb
-r
sec
xn
©
nc. fr
-t- o 'rv!
lfcp/f t
-u
- t.025 Ib-ri/ft-.cir

±_

*0$
n0 j
.10

Percent
Uncertainty
±33.3
A 3.2
± 0.33
i 0.8
A 2.75
± 0.016
± loOS
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Point 6

Magnitude

Quantity
AP
W
t
D
L

0.65
4*95
30
1.25
18.17
62 o26
2.345

Quantity

in
lbm
sec
in
ft
lbm/ft3
lbn/ft“hr

Magnitude

AP
W
t
D
L

4.2
6.625
15
1.25
18.17
62.27
2.37

in
lb»
sec
in
ft
lbm/ft3
lbm/ft-hr

Uncertainty
± .05
A .06
A .10
A .01
A .05
A . 01
A . 025

in
Ibm
sec
in
ft
Ibm/«3
lt^/ft=hr

Uncertainty
± .05
A .09
A . 10
A . 01
A . 05
A . 01
A . 025

in
11%
sec
in
ft
lbm/ft3
lbm/ft-hr

Percent
Uncertainty
±7.8
±1.2
±0.33
±0.8
A2.75
A .016
A1.08

Percent
Uncertainty
A 1.19
A 1.35
A 0.66
A 0.8
+ 2.75
^0.016
Al.05

The precent uncertainty in the calculated values for the
friction factor and for the Reynolds number can be estimated as the
sum of the uncertainties in the measured data used to make the
calculations.
Since

F?e —

^
—
/ a. A

The quantities on the right are squared and then the square root
of the sums is taken to get rid of the negative signso
Also.
*

aU

and

a

must be calculated,,
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The preeent uncertainty in the friction factor can be estimated
in the same fashion.
f ~
so that

Z A P

D ? a V L w
2

if
si
-?

where

\2

/

M

and

—

are calculated
A

as in equation [2] and £3] above.
Plugging in values in equations

[l] aad

[41 resulted in the

estimated uncertainties shown below.

Point NoJL
3

6
9

Percent Uncertainty
in f ______
4.2.53
17.62
4.71

Percent Uncertainty
_______in Re
5.38
6.59
4.95

APPENDIX B
MODIFIED REYNOLDS NUMBER CORRELATION

The familiar Reynolds number was modified to suit power law
fluids in the following way { 7 s 8).
For "purely viscous" fluids the relationship between the shear
force and the shear rate can be expressed as

When the flow is in a circular tube,, it can be shown that

t

-

*

*■-

*

[?]

where

____

and

( n :

dt A *

' )

(DAP/4l)J

[3]

[4]

<U_ ( s v / d ) J

Equation [3] comes from the relationship for the shear rate
at the wall which is

The values for n ! and

K"

can be determined experimentally

measuring the pressure drop and the flow rate in a tube.

by

The values

of D A P / 4 L can then be plotted versus values of 8V/D on logarithmic
coordinates.

The slope of the line in the laminar region is n" and
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the intercept for 8V/D — 1 is the value of K',

(See Figure 21»)

Assuming that the pressure drop versus flow rate data can then
be related by the familiar relationship

* -

H

results in the following definition of the modified Reynolds number>
Re" o
o ,_

D
3c.

K'

B —

1

?]

The modified Reynolds number allows pressure drop versus flow
rate data to be plotted in the form of f versus Re*.,
22 and 23o)

(See Figures
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APPENDIX C

A THEORY FOR PREDICTING THE ONSET OF
FRICTION REDUCTION BENEFITS DUE TO
POLYMER ADDITIVES FOR VARIOUS PIPE DIAMETERS

Reduction of friction in pipes is of great practical interest
and importance.

The possible benefits include reduced pump power to

maintain a given flow, or greater flow rates with a given pump power
settingo
However, because both the flow rate and pipe size affect the
scale of turbulence, friction reducing benefits do not always result
from adding friction reducing polymers.

For example, Ripken and

Pilch (9S 10) noted friction reductions for all turbulent flow rates
in capillary tubes but in a tube with an inside diameter of 1.-4 inches
they found no friction reduction occurring until the flow went above
a modified Reynolds number of 30^000,
In order to formulate a useful relationship between pipe diameter
and flow rate, it is necessary to define several terms.

The first

is the cross-over point, which is defined as that point on a pressure
drop versus flow rate plot where the pressure drop for a given polymer
solution is equal to the pressure drop for the pure solvent at the same
flow rate.

(See Figure 24«)

The second is the cross-over modified

Reynolds number, which is defined as the modified Reynolds number
corresponding to the flow rate at the cross-over point.

FIGURE

-- CROSS- OVER, POIKJT

The practical significance of the cross-over point can be
readily seen from Figure 24.

It is only for flow rates above this

point that any advantage can be enjoyed by adding the polymer as far
as decreased pumping requirements or increased flows are eoncernedo
For flow rates below the cross-over point, the increased viscosity due
to the polymer causes increased pumping requirements if the same flow
is to be maintainedo
Cross-over points were noted in the data of Gupta, Metzner, and
Hartnett (l)9 Ripken and Pilch (9, 10), and Wells (ll), and in the
data of this study0

The following is a summary of the cross-over

modified Reynolds numbers and pipe diameters from these various
sources.

El

ft Diameter
Inches)
0.745
0.65
1.43
0.65

1.40
1.25
1.25

C-Re3
3*10°
5*000
12,000
2,200
30,000
3,000
13,000

Type Polymer
ET 597
Guar Gum
Guar Gum
Guar Gum
Polyhall - 27
Guar Gum
Guar Gum

Concentration
.45*
.05$
o20%
.20$
.10%
.07$
.02$

Source
(1

(n)
(n)
(li)
(9)
(This Study)
(This Study)
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Figure 25 is the graphical representation of the data.

For a

given pipe diameter and concentration of additive, there is a certain
minimum modified Reynolds number that must be reached before friction
reduction benefits start to appear.

The lower the concentration of

additives the higher the flow rate must be for a given pipe diameter
in order to achieve friction reduction.
The curves represent conditions for which the turbulent mixing
length is a constant.
gum can be examined.

To demonstrate this , the curve for .20$ guar
At a modified Reynolds number of 2<,500 the flow

would be barely turbulent.

From observations of the scale of the

turbulent eddies in the transition region, the eddie diameter was
seen to be one-half of the pipe diameter.

The pipe diameter

corresponding to R e ' = 2,500 is 0.70 inches.

Therefore, the largest

eddies would have a diameter of about 0.35 inches.
the corresponding pipe diameter is 2.A inches.

At R e ' = 10,000

Nikuradse (6)

measured the mixing length (proportional to eddy diameter) for
Reynolds numbers above 10,000 and found that the ratio of the diameter
of the largest eddies to the diameter of the pipe is 0.1A.

The

diameter of the largest eddies would then be 0.14 x 2.4 — .336 inches,
which compares favorably with the value of .35 inches predicted for
the opposite end of the curve.

CROSS-OVER. MODIFIED REYNOLDS NUMBER
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ABSTRACT

Transition from laminar to turbulent flow for dilute guar gum
solutions was observed in a clear plastic tube.

Aluminum powder

was used to make the flow patterns visible.
The transition process for the guar gum solutions was similar
to that for plain water with the exception that transition occurred
over a wider range of flow rates.
The scale of the turbulent eddies was noted to decrease as flow
rates increased.

AlsOj, friction reduction benefits were noted to

occur at higher flow rates.

Therefore, a theory was presented

suggesting that friction reduction for guar gum solutions in
turbulent flow was a function of the scale of the turbulent eddies.
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